Large-scale Au nanodisk arrays are successfully fabricated using nanospherical-lens lithography (NLL). By incorporating both rotational oblique-angle deposition and oxygen plasma treatment, the improved NLL is capable of fabricating Au nanodisks with diameters as small as 75 nm that cover an area larger than 1 cm 2 . The fabricated nanodisk arrays are investigated as sensitive localized surface plasmon resonance (LSPR) sensors. The extinction spectra of the Au nanodisk arrays reveal a narrower LSPR peak when the diameter becomes smaller. The shape imperfection severely limits the minimum obtainable linewidth, especially when the nanodisk diameter is smaller than 200 nm. The imperfection is found to be improved by thermal annealing at high temperatures. The maximum theoretically predicted and experimentally obtained figure-of-merit for Au nanodisk arrays whose periodicities are 500 nm are around 15 and 9, respectively. Further optimization of the periodicity and thickness of the nanodisks will further improve their sensitivity and lead to more novel applications.
Introduction
The localized surface plasmon resonance (LSPR) is collective electron oscillation within a noble metal nanoparticle. When the nanoparticle is illuminated with resonant light, the electromagnetic energy is highly localized near the metal-dielectric interface and is therefore very strong. This strong electric field at the surface is ideal for electric field-related applications such as surface-enhanced Raman scattering (SERS) [13] . In addition, the LSPR spectrum of a nanoparticle is very sensitive to the surrounding dielectric environment and is widely used in ultrasensitive chemical and biological sensing applications [1, 10, 16, 27] . 1 Author to whom any correspondence should be addressed.
The LSPR of an individual nanoparticle can also be tuned by varying the size and shape of the nanoparticle [9] . LSPR sensing is commonly defined by the shift of the resonance wavelength per refractive index unit (RIU) change. However, it is much easier to distinguish the same amount of shift for a narrower LSPR peak. Therefore, the sensitivity is usually judged by the figure-of-merit (FOM), which is defined as the shift of resonance wavelength per RIU divided by the linewidth of the LSPR resonance peak [23] . To optimize the FOM, the linewidth of the LSPR extinction peak should be as narrow as possible. Noble metal nanoparticles of various shapes have been reported as LSPR sensors, including nano-triangles [24] , nanodisks [25] , nano-bars [32] , nano-cubes [23] , nano-crescents [3] and nano-crosses [22, 28] . However, the FOMs of these types of nanoparticles are mostly below 5. In order to obtain high FOMs for the LSPRs of nanoparticles, Fano resonances from nanoparticle clusters have been demonstrated to exhibit FOMs of 5.7 [17] . It has been reported that the periodicity effects were able to significantly reduce the linewidth using Ag nanoparticles that were arranged in one-dimensional arrays [33, 34] . Twodimensional arrays also demonstrated a similar effect [6] . Using this concept, a very high value of the LSPR FOM has been obtained from a square Ag nanoparticle array fabricated using electron-beam lithography (EBL) [19] .
Nanodisk arrays that cover an area that is as large as the(>1 cm 2 ) sampling area are preferred for extinction measurement using commercial spectrophotometers. However, the fabrication of such arrays using focused-ion-beam milling (FIB) or EBL takes a long time to complete. These timeconsuming fabrication techniques are also very expensive. Several nanofabrication methods have been reported that can fabricate nanodisk arrays that cover large areas, including interference lithography [7] , hole-mask colloidal lithography [8] and nano-imprint lithography [18] . In addition, nanosphere lithography has been developed to fabricate nanoscale triangular prisms [12] . Nanospheres as a phase-shifting lithography mask to fabricate two-dimensional [11, [29] [30] [31] or three-dimensional [4] nanostructures have also been reported. This method uses nanospheres as a nanoscale spherical lens to focus and collimate the incident ultraviolet (UV) light to expose the underlying photoresist (PR) pattern, which is referred to as 'nanospherical-lens lithography (NLL)' [5] . One of the major deficiencies of nanospherical-lens lithography is the inability to fabricate nanodisks with very small diameters. This is because the exposure dose needs to be significantly reduced in order to fabricate PR holes with very small diameters. However, this reduced dose is not enough to fully expose the deeper region of the PR thin film and results in unopened PR holes. Therefore, thinner PR film is required, which is harder to lift off the subsequently deposited metal thin film.
In this research, rotational oblique-angle deposition and oxygen plasma treatment are both incorporated to improve the nanospherical-lens lithography (NLL). The improved NLL is capable of fabricating Au nanodisks with diameters smaller than 100 nm. The LSPR extinction spectra of the fabricated Au nanodisk arrays are investigated. The linewidth becomes smaller as the diameters of the nanodisks become smaller. We also discover that the shape imperfection of nanodisks whose diameters are smaller than 200 nm severely limits the minimum obtainable linewidth. The shape imperfection can be reduced by thermal annealing of the samples at high temperatures. The maximum theoretically predicted FOM for Au nanodisk arrays with periodicities of 500 nm is around 15 while the maximum experimentally obtained FOM is about 9. Further optimization of the periodicity and thickness of the fabricated nanodisks will further improve their index sensitivity and lead to several biosensing applications.
Experimental methods
Quartz substrates or glass slides that were cut to a size of 10×10 mm 2 were used in this study. After ultrasonic cleaning in isopropyl alcohol, the substrates were rinsed with deionized water and blow-dried by nitrogen. The nanospheres used in this study were polystyrene (PS) spheres with diameters of 500 nm (Polyscience Inc.). The fabrication procedures are schematically illustrated in figure 1. First, a thin layer of PR (AZ-5214, Micro-Chemicals) was spin-coated on top of the substrate followed by soft-baking at 100 • C for 3 min ( figure 1(a) ). The estimated thickness of the PR was about 500 nm. A single-layered hexagonal and close-packed nanosphere array was subsequently formed via the convective self-assembly method [20] . The nanosphere array served as a photolithography phase mask for the subsequent exposure of UV light (λ = 365 nm) using a commercial mask aligner (Karl Suss, MJB4) equipped with a 365 nm UV bandpass filter ( figure 1(b) ). The exposed-PR thin film was developed and the remaining nanospheres were removed (figure 1(c)). A thin layer of Cr (thickness = 40 nm) was evaporated using the rotational oblique-angle deposition method at a deposition angle of 85 • , resulting in a Cr nanohole array on top of the PR film ( figure 1(d) ). The following oxygen plasma treatment (O 2 flow rate = 15 sccm, RF power = 100 W) was able to clean the unopened PR nanohole arrays (figure 1(e)). Cr/Au (3 nm/20 nm) thin films were thermally evaporated onto the samples at a vertical deposition angle ( figure 1(f) ) and nanodisk arrays were revealed after the lift-off process ( figure 1(g) ). This Cr layer served as the adhesion layer for the following Au deposition. The self-perfection of the fabricated nanodisk arrays was accomplished by annealing the samples in a nitrogen-flowing tube oven at 600 or 700 • C for several hours ( figure 1(g) ).
The diameter of the fabricated nanodisks was analyzed by a scanning electron microscope (SEM; JEOL JSM-6340F field emission scanning electron microscope). The optical absorption spectra of the fabricated arrays were measured at normal incidence using a commercial UV-visible-near IR spectrophotometer (Hitachi U-4100). Electromagnetic simulations were performed with the three-dimensional finite-difference time-domain (3D-FDTD) method [26] , using a freely available software package [21] . The dielectric properties of Au were extracted from an article by Johnson et al [15] . The plasma frequency and damping constant of the Au were set at 1.32×10 16 Hz and 0.68×10 14 Hz, respectively.
Results and discussion
Figures 2(a) and (b) illustrate the simulated time-averaging field energy distributions near nanospheres with diameters of 1 µm and 500 nm, respectively. The wavelength of the incident UV light is 365 nm. The refractive index of the PR in the simulation is assumed to be 1.7 and it does not absorb the incident UV light. It should be noted that the exposure intensity is a relative intensity and no unit is assigned. In both figures, the incident light is collimated into a well-defined cylindrical shape inside the PR. The collimated cylinder is significantly smaller and the depth-of-focus is also shorter when 500 nm nanospheres are used, which indicates that thinner PR is required when smaller nanospheres are used. Figures 2(c) and (d) are the energy profiles along the directions z = 1.5 µm and x = 2.0 µm when nanospheres with various diameters are used, respectively. If we consider that an exposure intensity of 5 is the required intensity for a successful exposure, the diameter and depth of the well-exposed region both decrease when nanospheres with smaller diameters are used. In other words, <100 nm-thick PR is necessary in order to fabricate PR nanoholes with <100 nm diameters. Such thin PR is not suitable as lift-off PR, which will severely degrade the fabrication yields.
In an attempt to improve NLL so it can be used to fabricate very small nanodisks, rotational oblique-angle deposition and oxygen plasma treatment are proposed in this study. Figure 3 illustrates the combination effect of the rotational oblique-angle deposition and oxygen plasma treatment. Figure 3(a) is a top-view SEM image of the sample after the rotational oblique-angle deposition of Cr thin film, which clearly demonstrates a uniform and circular Cr nanohole array. The diameter of the holes is about 200 nm. The cross-sectional SEM image shown in figure 3(b) indicates that these nanohole arrays are not fully developed and cannot be used as lift-off PR patterns for the following metallization process. The effects of oxygen plasma treatment for 5 and 7.5 min are demonstrated in the cross-sectional SEM images in figures 3(c) and (d), respectively. After treating with oxygen plasma for 5 min, the SEM image reveals PR through holes while keeping the diameter of the top Cr hole the same. The bottom diameter of the PR hole is about 250 nm. A longer oxygen plasma treatment (7.5 min) further enlarges the PR hole to a diameter of around 300 nm. The subsequently deposited Cr/Au nanodisk will be lifted off if PR still exists inside the PR hole. These SEM images confirm that by combining the rotational oblique-angle deposition of Cr and oxygen plasma treatment, we can successfully fabricate PR nanohole arrays that can be used to fabricate metal nanodisk arrays with very small diameters.
Simulated extinction spectra for Au nanodisk arrays with periodicities of 500 nm are illustrated in figure 4 . In the simulation, the nanodisks are located on top of a glass substrate and their edges are not curved during the object modeling. For a nanodisk array with a thickness of 20 nm, the extinction peak blue-shifts to a shorter wavelength as the diameter decreases from 228 nm to 100 nm, as shown in figure 4(a) . In addition to the blue-shift, the full-wave-at-half-maximum (FWHM) also decreases, as shown by the blue circles in the inset of figure 4(a) . The periodicity effect severely affects the extinction peak for the case of 80 nm and the extinction peak is therefore not observable. The minimum FWHM is as small as 14 nm for nanodisks with diameters of 100 nm, which should be very useful for ultrasensitive LSPR sensing. The simulation results indicate that the FOM for such an array is as high as 13, which is also illustrated in the inset of figure 4(a) . The thickness of the nanodisk, which is very easily changed, is also optimized to obtain a higher FOM. The LSPR spectra for nanodisk arrays with diameters of 100 nm and various thicknesses are illustrated in figure 4(b) . As the thickness increases from 12 to 32 nm, the extinction peak blue-shifts to a shorter wavelength. Experimental observation of blue-shifts was also reported in a previous publication by Van Duyne [14] while the reason why the blue-shift occurs can be found in the book by Bohren [2] . It is noted that the FWHM also becomes narrower and reaches a minimum value of 10.5 nm when the thickness is 28 nm. The corresponding FOM value is about 15.3. These simulation results tell us that the NLL-fabricated nanodisk arrays are possible strong candidates to be used as ultrasensitive LSPR sensors.
Therefore, the improved NLL is used to fabricate Cr/Au nanodisk arrays on top of glass or quartz substrates. The experimental extinction spectra for the as-fabricated nanodisk arrays are illustrated in figure 5(c) . The diameters of the nanodisks vary between 276 and 128 nm. The extinction spectra of the nanodisk arrays with smaller diameters reveal narrower linewidths, which are summarized in figure 6(a) . However, the FWHM is still larger than 100 nm even when the diameter is as small as 128 nm. We also found that reducing the diameters did not result in any narrower FWHM. A possible reason might be imperfection of the fabricated nanodisks. As illustrated in figure 5(a) , an SEM image reveals that the as-fabricated nanodisks exhibit rough edges, resulting in an imperfectly round shape for the nanodisks. The diameters are slightly larger than 200 nm. The effect becomes more severe when the diameters of the nanodisks are smaller than 200 nm. The imperfection broadens the FWHM of the LSPR spectra of the fabricated nanodisk arrays.
The best way to reduce the imperfections is to anneal the nanodisk arrays. Melting of the metal nanodisks will remove the imperfections to obtain the minimum surface energy at high temperature. Therefore, thermal annealing of the samples at 600 • C for 3 h was performed in a nitrogen-flowing tube oven. The SEM image of the annealed nanodisks, shown in figure 5(b) , demonstrates a smoother edge compared to the as-fabricated nanodisks and the diameter is around 200 nm. The diameters of the annealed nanodisks also become about 20% smaller, that is, the diameter varies between 211 and 104 nm. It is not easy to determine the actual shapes of the nanodisks simply from the top-view SEM images shown in figures 5(a) and (b). The actual shapes might look like truncated nano-cones or half-nanospheres. In both cases, the LSPR will not be vastly different if we assume that the annealing on the peak position and FWHM of the LSPR peaks. The combination effect of smaller diameters and thicker nanodisks blue-shifts the LSPR peaks. The minimum diameter of the nanodisks is as small as 100 nm and the FWHM is narrower than 40 nm. It should be noted that the self-perfection at a higher temperature (700 • C) for a longer time (>3 h) results in much smaller nanodisks. The minimum diameter of the fabricated nanodisk arrays is around 75 nm, which is remarkable considering that these arrays cover an area as large as 10 × 10 mm 2 .
When the FWHM is smaller than 40 nm, a couple of parameters start to affect the measured LSPR spectra, including the incident angle of the light and the size distribution of the nanodisks. These parameters will severely limit the minimum FWHM from our nanodisk arrays. The most efficient way to reduce these effects is to limit the sampling area when acquiring the extinction spectra. Figure 7 demonstrates the effect of reducing the sampling area on the FWHM of the measured LSPR peaks. The sample is composed of annealed nanodisks with diameters of 100 nm and periodicity of 500 nm. On reducing the diameter of the round sampling area from 4 mm to about 0.5 mm, the FWHM becomes smaller, from 40 to 28 nm. The corresponding FOM of such array is about 9, which is the highest FOM value obtained in this study.
Conclusion
We have demonstrated an improved nanospherical-lens lithography (NLL) method that is capable of fabricating nanodisks with diameters of less than 100 nm. The incorporation of rotational oblique-angle deposition and oxygen plasma treatment is demonstrated to be very crucial for the improved NLL. The fabricated nanodisk arrays are used as ultrasensitive localized surface plasmon resonance (LSPR) sensors. The LSPR of these nanodisk arrays exhibits a narrower linewidth when using nanodisks with smaller diameters. The simulation results indicate that a linewidth as small as 10.5 nm is achievable, corresponding to an LSPR sensing figure-of-merit (FOM) as high as 15.3. We also discovered that imperfections of the nanodisks become a more severe problem when the diameter is smaller than 200 nm, and greatly broaden the linewidth. These imperfections can be corrected by thermal annealing at a temperature higher than 600 • C. Thermal annealing greatly reduces the linewidth and results in a higher FOM. Currently, the highest FOM for our fabricated nanodisk arrays is about 9 after reducing the sampling area. A sensor with this FOM is sufficiently sensitive to find some practical applications. The minimum diameters can be as small as 75 nm, which is remarkable considering that the arrays cover areas as large as 10 × 10 mm 2 . They can also be scaled up easily using the improved NLL. We believe that the results in this study will serve as an important foundation for the industrialization of nanospherical-lens lithography, which will be lead to more research worldwide and also attract more industrial attention.
